Porcine reproductive and respiratory syndrome has been devastating the swine industry since the late 1980s. The disease has been controlled, to some extent, through the use of modified live-attenuated (MLV) vaccines once available. However, such a practice periodically resulted in isolation or detection of vaccine-like viruses from pigs as determined by a partial genomic sequencing. In this study, we developed a heteroduplex mobility assay (HMA) for quickly identifying porcine reproductive and respiratory syndrome virus (PRRSV) isolates with significant nucleotide sequence identities (>98%) with the modified live-attenuated vaccines. The major envelope gene (ORF5) of 51 PRRSV field isolates recovered before and after the introduction of the vaccines was amplified, denatured, and reannealed with the HMA reference vaccine strains Ingelvac PRRS MLV and Ingelvac PRRS ATP, respectively. Nine of the 51 field isolates and the VR2332 parent virus of Ingelvac PRRS MLV, which were all highly related to Ingelvac PRRS MLV with <2% nucleotide sequence divergence as determined by sequence analysis, were all identified by the HMA to form homoduplexes with the reference Ingelvac PRRS MLV. No homoduplex-forming field isolate was identified when Ingelvac PRRS ATP was used as the HMA reference except for its parent virus JA142. Other field isolates with more than 2% nucleotide sequence divergence with the respective reference vaccine strain resulted in the formation of heteroduplexes with reduced mobility in polyacrylamide gel electrophoresis. The HMA results also correlated well with the results of phylogenetic analyses. The data indicated that the HMA developed in the study may be a rapid and efficient method for large-scale screening of potential vaccine-like PRRSV field isolates for further genetic characterization.
Porcine reproductive and respiratory syndrome has been devastating the swine industry since the late 1980s. The disease has been controlled, to some extent, through the use of modified live-attenuated (MLV) vaccines once available. However, such a practice periodically resulted in isolation or detection of vaccine-like viruses from pigs as determined by a partial genomic sequencing. In this study, we developed a heteroduplex mobility assay (HMA) for quickly identifying porcine reproductive and respiratory syndrome virus (PRRSV) isolates with significant nucleotide sequence identities (>98%) with the modified live-attenuated vaccines. The major envelope gene (ORF5) of 51 PRRSV field isolates recovered before and after the introduction of the vaccines was amplified, denatured, and reannealed with the HMA reference vaccine strains Ingelvac PRRS MLV and Ingelvac PRRS ATP, respectively. Nine of the 51 field isolates and the VR2332 parent virus of Ingelvac PRRS MLV, which were all highly related to Ingelvac PRRS MLV with <2% nucleotide sequence divergence as determined by sequence analysis, were all identified by the HMA to form homoduplexes with the reference Ingelvac PRRS MLV. No homoduplex-forming field isolate was identified when Ingelvac PRRS ATP was used as the HMA reference except for its parent virus JA142. Other field isolates with more than 2% nucleotide sequence divergence with the respective reference vaccine strain resulted in the formation of heteroduplexes with reduced mobility in polyacrylamide gel electrophoresis. The HMA results also correlated well with the results of phylogenetic analyses. The data indicated that the HMA developed in the study may be a rapid and efficient method for large-scale screening of potential vaccine-like PRRSV field isolates for further genetic characterization.
Porcine reproductive and respiratory syndrome, often characterized by late-term abortions and stillbirths in sows and respiratory disease in nursery pigs, has resulted in extensive economic losses in the swine industry for over a decade (19) . By estimation, approximate annual losses of $236 per inventoried adult female pig are due to acute porcine reproductive and respiratory syndrome outbreaks (32) .
Porcine reproductive and respiratory syndrome virus (PRRSV), the causative agent of porcine reproductive and respiratory syndrome (PRRS), is a small, enveloped, positivestranded RNA virus consisting of eight overlapping open reading frames (ORFs) (22, 26) . The virus is genetically, antigenically, and pathogenically heterogenic (19) . Substantial sequence divergence exists between the European and North American genotypes of the virus, showing only about 70% nucleotide sequence identity (1, 11, (14) (15) (16) (17) (18) (19) (23) (24) (25) (26) . Among the North American isolates, the PRRSV genomic sequences also vary significantly (10, 16, 17, 25) .
The heterogeneity of the virus has made it difficult to design effective vaccines based on a single PRRSV strain (19) . Modified live-attenuated vaccines (MLV) are currently used for the protection against PRRS mainly by providing protection against clinical disease (20, 31 Other concerns about the modified live-attenuated vaccines pertain to their safety. In Danish swine herds, Ingelvac PRRS MLV vaccine virus has been shown to be capable of reverting to a pathogenic phenotype (5, 29, 33) . Additionally, Mengeling et al. (21) confirmed that numerous vaccine-like field isolates, which contained the same restriction site marker that is found in the Ingelvac PRRS MLV vaccine virus, were capable of causing disease more severe than any clinical signs induced by the MLV. The restriction site marker was not identified in any isolates collected prior to the introduction of the Ingelvac PRRS MLV vaccine except for the parent strain ATCC VR2332. Other vaccine-like strains have also been reported (11, 19, 30) and some of these isolates were shown to be mildly to moderately pathogenic in pigs (30) .
Due to the widespread use of Ingelvac PRRS MLV and the periodic identification of vaccine-like isolates, there is a demand for a rapid assay that can be used routinely for identifying and differentiating these vaccine-like isolates from field isolates of PRRSV. The current methods for differentiating PRRSV isolates include PCR amplification, subsequent sequencing and sequence analyses, or PCR-restriction fragment length polymorphism (35) . Because these assays are costly and time-consuming, they are not very well suited for routine largescale screening of viruses. The heteroduplex mobility assay (HMA) is a rapid and inexpensive method of differentiating viral isolates. Delwart et al. (8) originally developed the assay for genetic typing of human immunodeficiency virus. More recently, HMA techniques have been applied to the study of other viruses such as influenza virus (38) , feline immunodeficiency virus (2), measles virus (12), poliovirus (7), Newcastle disease virus (4) , and hepatitis C virus (9, 36) . The assay relies on the formation of mismatched base pairs when two closely related DNA molecules are combined, denatured, and reannealed. The mismatches cause structural distortions in the newly formed DNA molecule, resulting in heteroduplexes with reduced mobility on a polyacrylamide gel. It has been shown that the reduction in mobility is proportional to the degree of divergence between the two sequences (8) .
In this study, we report the development of an HMA and its use in the identification of PRRSV field isolates with Ն98% nucleotide sequence identities with the modified live-attenuated vaccines.
MATERIALS AND METHODS

Viruses.
A total of 51 field isolates of PRRSV were analyzed by sequence and phylogenetic analyses and by HMA analyses using two reference strains, Ingelvac PRRS MLV and Ingelvac PRRS ATP. Ingelvac PRRS MLV was introduced to the swine industry in early 1995, and Ingelvac PRRS ATP was introduced to the swine industry in February 2000 for use in the PRRS vaccination program. Twenty of the PRRSV isolates collected during PRRS outbreaks prior to the introduction of Ingelvac PRRS MLV were obtained from Prem S. Paul's former laboratory at Iowa State University and from National Veterinary Service Laboratories in Ames, Iowa ( (Table 1) , and some were determined by sequencing to be vaccine-like isolates. The two parent strains to the vaccines, ATCC VR2332 (Ingelvac PRRS MLV) and JA142 (Ingelvac PRRS ATP), were also included in this study.
Primer design. Two degenerate primers were designed to amplify the heterogenic open reading frame (ORF) 5 of various PRRSV isolates. The primers were constructed based on a multiple sequence alignment of the ORF5 of 29 PRRSV isolates available in the GenBank database (National Center for Biotechnology Information, National Library of Medicine, Bethesda, Md.). The sense primer AssayU (5Ј-GTATGTTGGRGAAATGCTTGACC-3Ј) began 2 bp upstream of the ORF5 start codon and includes the first 21 bp of the ORF5. The antisense primer AssayL (5Ј-GGACGACCCCATTGTTCCGCTG-3Ј) consists of the 22 bp immediately preceding the last four bases at the 3Ј end of the ORF5 gene. The primers were synthesized and purified commercially (Gibco-BRL, Gaithersburg, Md.). The expected PCR product was 601 bp.
RNA extraction and RT-PCR. RNA was extracted with Trizol reagents (Gibco-BRL) from 200 l of each of the 51 PRRSV isolates and the two MLV reference strains. The total RNA was resuspended in 11.5 l of DNase-free, RNase-free, and proteinase-free water. Reverse transcription was performed at 42°C for 60 min in the presence of a master mix consisting of 11.5 l of total RNA, 0.25 l of Superscript II reverse transcriptase, 1 l of 10 M antisense primer, 0.5 l of RNase inhibitor, 1 l of 0.1 M dithiothreitol, 4 l of 5ϫ RT buffer, and 1 l of 10 mM deoxynucleoside triphosphates. The resulting cDNA was amplified by PCR with the ORF5 sense and antisense primers and AmpliTaq Gold DNA polymerase (Perkin-Elmer, Shelton, Conn.). The PCR parameters were 95°C for 9 min, followed by 39 cycles of 94°C for 1 min for denaturation, 50°C for 1 min for annealing, and 72°C for 1.5 min for extension, followed by a final incubation period at 72°C for 7 min. The PCR products were examined on an agarose gel.
Sequencing and phylogenetic analyses. The PCR products were excised from an agarose gel and purified using the glassmilk procedure with a Geneclean kit (Bio101, Inc., Carlsbad, Calif.). The PCR products were sequenced at the Virginia Tech DNA Sequencing Facility with an automated DNA sequencer (Applied Biosystems, Inc., Foster City, Calif.). The ORF5 genes of the 15 PRRSV isolates from Iowa State University's Veterinary Diagnostic Laboratory were sequenced at the Iowa State University Nucleic Acid Facility as part of diagnostic investigation, and the procedure for sequencing and sequence analysis has been described elsewhere (6) .
The ORF5 sequences of the two vaccines and their parent strains and 11 field isolates of PRRSV have been reported previously (11, (15) (16) (17) (18) (23) (24) (25) . The sequences of all isolates were analyzed by using the MacVector program (Oxford Molecular, Inc., Oxford, England).
The ORF5 genes of the 51 field isolates and the reference strains were phylogenetically analyzed by using the PAUP program (David L. Swofford, Smithsonian Institute, Washington, D.C., distributed by Sinauer Associates, Inc., Sunderland, Mass.) to create a consensus tree. Lelystad virus (22) was also included as a representative of the European genotype of PRRSV in the phylogenetic analysis.
HMA. Five microliters of the PCR product from each reference virus was combined with 5 l of PCR product from each of the 51 PRRSV field isolates and 1.1 l of annealing buffer (1 M NaCl, 100 mM Tris [pH 7.8], 20 mM EDTA) in a 0.2-ml thin-walled polypropylene tube (Perkin-Elmer, Shelton, Conn.). The mixture was denatured at 95°C for 5 min and reannealed at 50°C for 30 min in a thermocycler. Heteroduplexes and homoduplexes were separated on an 8.0% nondenaturing polyacrylamide gel at 150 V for 5 h in Tris-borate-EDTA buffer. The gels were stained with ethidium bromide and visualized under UV light. Homoduplexes were identified as a single band, while more than one band with reduced mobility was classified as a heteroduplex.
Nucleotide sequence accession numbers. The ORF5 sequences of the 38 PRRSV isolates sequenced in this study were deposited in the GenBank database under accession numbers AF537919 to AF537956.
RESULTS
Sequence analysis.
The ORF5 genes of all 51 PRRSV isolates and the two MLV reference strains were successfully amplified with the degenerate primers AssayU and AssayL. The amplified ORF5 regions of the isolates were sequenced. The sequences were compared to determine the percent nucleotide sequence identities with the corresponding sequence of each reference strain. Sequence analyses revealed that the field isolates showed 88 to 99% identity with Ingelvac PRRS MLV and 87 to 96% identity with the Ingelvac PRRS ATP (Table 1 ). In general, the mismatches seemed to occur throughout the ORF5 in both reference strains. The isolates ISU4 and ISU 3927 contained a three-nucleotide deletion at nucleotide positions 76 to 78 compared to both reference strains. Ingelvac PRRS MLV and Ingelvac PRRS ATP showed 99% nucleotide sequence identity with their respective parent strains, VR2332 and JA142. Ingelvac PRRS MLV and VR2332 differed by two nucleotides, while Ingelvac PRRS ATP and JA142 differed by five nucleotides in the amplified region.
HMA with Ingelvac PRRS MLV as the reference. When Ingelvac PRRS MLV was used as the reference for the HMA, 10 of the 51 PRRSV isolates formed a homoduplex and the remaining ones formed heteroduplexes ( Table 1 ). The 10 ho-moduplex-forming isolates displayed 98 to 99% nucleotide sequence identity with Ingelvac PRRS MLV. Eight of the 10 homoduplex-forming isolates were isolated after the introduction of the Ingelvac PRRS MLV vaccine to the swine industry. The two remaining homoduplex-forming isolates included isolate VR2332, which is the parent strain of Ingelvac PRRS MLV, and isolate 93-41462, which was isolated from outbreaks occurring prior to the introduction of Ingelvac PRRS MLV. The remaining isolates formed heteroduplexes with reduced mobility of variable degrees compared to the reference.
Based on surveys of the polyacrylamide gels of all of the isolates, the reduction in mobility is roughly proportional to 1A, lanes 8 and 9) . This increased reduction in mobility due to deletions, which has been described in other HMA studies (8) , was also observed in the HMA with the Ingelvac PRRS ATP vaccine as the reference. HMA with Ingelvac PRRS ATP vaccine as the reference. When the Ingelvac PRRS ATP vaccine strain was used as the reference, 50 of the 51 isolates formed a heteroduplex with the reference strain. The parent strain to the vaccine, JA142, formed a near homoduplex with the reference. The band formed between Ingelvac PRRS ATP and its parent strain JA142 migrated only slightly slower than the homoduplex formed when Ingelvac PRRS ATP was combined, denatured, and reannealed with itself (Fig. 1B, lanes 1 and 2) . Sequence analysis demonstrated five mismatched base pairs between the amplified regions of the Ingelvac PRRS ATP vaccine and its parental strain JA142. These mismatches, occurring at positions 103, 169, 217, 273, and 341, were located towards the middle of the ORF5 region. The remaining heteroduplexforming isolates demonstrated various degrees of reduced mobility, which appeared to correlate with the degree of divergence between the sequences. All of the isolates used in the study were isolated prior to the introduction of the Ingelvac PRRS ATP vaccine.
Phylogenetic analysis. A phylogenetic tree was constructed based on the two reference strains Ingelvac PRRS MLV and Ingelvac PRRS ATP, the 51 PRRSV field isolates, including the two vaccine parental strains, and the European Lelystad virus. As illustrated in Fig. 2 , the phylogram demonstrates the distinct European and North American genotypes among PRRSV isolates and that the isolates analyzed in this study all belong to the North American genotype. The phylogenetic analysis also demonstrates that the North American isolates formed several genotypic clusters, indicating the heterogeneity of the virus (Fig. 2, Table 1 ). All 10 isolates showing Ն98% nucleotide sequence identities and forming homoduplexes in the HMA with Ingelvac PRRS MLV clustered together in the phylogenetic tree with the Ingelvac PRRS MLV. Similarly, the JA142 strain forming a near homoduplex in the HMA and showing 99% sequence identity with Ingelvac PRRS ATP clustered together with Ingelvac PRRS ATP (Fig. 2) .
DISCUSSION
Ingelvac PRRS MLV has been used as a tool for preventing and/or controlling PRRS since early 1995. Recently, numerous vaccine-like PRRSV isolates have been identified from nonsymptomatic persistently infected pigs and diseased animals. In 1996, Danish sow herds experienced clinical signs of PRRS after having been vaccinated in an extralabel fashion with Ingelvac PRRS MLV a few months prior. Through the use of monoclonal antibodies, the virus causing the outbreaks was found to be closely related to the North American phenotype. Further genetic studies confirmed that the isolates from Danish swine herds were of Ingelvac PRRS MLV vaccine origin, indicating that the vaccine virus is capable of spreading and possibly reverting to a pathogenic phenotype (5, 13, 28, 30, 33) . Other North American field isolates of PRRSV have also been speculated to be vaccine related (11, 21) based on genetic analyses of the ORF5 genes, and some were found to cause mild to moderate disease in pigs (30) .
In this study, a heteroduplex mobility assay was developed to rapidly screen field isolates of PRRSV for potential vaccinelike isolates. The HMA developed in this study uses the heterogenic ORF5 gene (6, 10, 19) as a focus for identifying the genetic divergence between the isolates. The ORF5 gene encodes the major envelope protein of PRRSV, which is exposed outside the virions and under immune selection pressure. Fifty-one PRRSV field isolates collected from various PRRS outbreaks were included in the study to evaluate the HMA. Sequence analyses revealed that nine of these isolates (93-41462, ISUVDL2001027011, ISUVDL2001044010, ISUVDL  2001047450, ISUVDL2001016727, ISUVDL2001018571A, ISU  VDL2001019139, ISUVDL2001021373A, and ISUVDL200101 FIG. 2. Phylogenetic tree based on the ORF5 region of PRRSV isolates analyzed in the study: two MLV vaccines (Ingelvac PRRS MLV and Ingelvac PRRS ATP, designated with a *) used as the HMA references, 51 PRRSV field isolates analyzed in the study, including the parent strains of the two vaccines, VR2332 and JA142, and the European Lelystad virus (LV) as the outgroup. Homoduplex-forming isolates are shown in boldface. The tree was constructed with the PAUP program with a heuristic search option with midpoint rooting and 1,000 replicates.
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IDENTIFICATION OF PRRSV VACCINE-LIKE ISOLATES BY HMA 2437 8087B) showed Ն98% nucleotide sequence identity with Ingelvac PRRS MLV. The VR2332 isolate with 99% sequence identity with the Ingelvac PRRS MLV is the parent strain of Ingelvac PRRS MLV vaccine. It has been shown that low levels of sequence divergence without insertions or deletions are generally associated with homoduplex formation in the HMA (3, 8) . In this study, each of the nine field isolates with Ն98% sequence identity with the Ingelvac PRRS MLV and the VR2332 parent virus of the Ingelvac PRRS MLV formed a homoduplex in the HMA when combined, denatured, and reannealed with the reference strain Ingelvac PRRS MLV vaccine. By analyzing the HMA results, the sequence data, and the time of virus isolation, we speculated on the origins of these homoduplex-forming isolates that showed Ն98% nucleotide sequence identities with the Ingelvac PRRS MLV. The isolates ISUVDL2001027011, ISUVDL2001044010, ISUVDL2001047 450, ISUVDL2001016727, ISUVDL2001018571A, ISUVDL20 01019139, ISUVDL2001021373A, and ISUVDL2001018087B were all isolated after the introduction of the Ingelvac PRRS MLV. Wesley et al. (35) showed that a glycine residue at position 151 of the ORF5 is rapidly substituted for an arginine upon replication in pigs, suggesting that arginine at position 151 could be a marker for cell culture adaptation of PRRSV.
Notably, five of the nine homoduplex-forming field isolates contained an arginine residue at position 151, suggesting that they may be of Ingelvac PRRS MLV vaccine origin. Two isolates (ISUVDL2001019139 and ISUVDL2001018087B) each had an isoleucine residue, one isolate (93-41462) had a valine residue, and one isolate (ISUVDL2001016727) retained the glycine residue at position 151. The other substitutions in the sequences tended to be located at the signal sequence (amino acid positions 1 to 31) and the hypervariable region (amino acid positions 32 to 39) near the N terminus. The isolate 93-41462, which was isolated prior to the use of the Ingelvac PRRS MLV and had 99% nucleotide sequence identity with both Ingelvac PRRS MLV and its parent virus VR2332, is more likely to be derived from the wild-type VR2332 instead of Ingelvac PRRS MLV.
The origins of the remaining three homoduplex-forming isolates (ISUVDL2001019139, ISUVDL2001018087B, and ISUV DL2001016727) are not known. Seven of the nine isolates with 96 to 97% nucleotide sequence identities with the Ingelvac PRRS MLV contained an arginine residue at position 151, and the remaining two isolates both contained a lysine residue. Due to the nature of rapid genetic changes of the virus in pigs (6, 37) , it is logical to speculate that these isolates with more than 96% nucleotide sequence identities with Ingelvac PRRS MLV could be derived from Ingelvac PRRS MLV due to its widespread use in the vaccination program or from its parent virus, ATCC VR2332, which is likely still circulating in the pig population. However, a definitive conclusion as to the origins of these vaccine-like isolates cannot be drawn without determining the complete genomic sequence of these isolates.
Ingelvac PRRS ATP vaccine was introduced to the swine industry only in February 2000, and thus vaccine-like field isolates due to the spread of ATP vaccine occur less frequently. Except for isolate JA142, which is the parent virus of the Ingelvac PRRS ATP vaccine, all other field isolates showed less than 97% nucleotide sequence identity and formed heteroduplexes with the Ingelvac PRRS ATP vaccine reference. The isolate JA142 formed a near homoduplex with the reference strain. At 99% nucleotide sequence identity with the reference Ingelvac PRRS ATP vaccine, JA142 contained five centrally located mismatches with the vaccine virus. The significance of the location as well as the quantity of mismatches has been noted in previous HMA studies, which demonstrated that the clustering of mismatches toward the center of a fragment can have a more exaggerated effect on mobility reduction (27, 34) . We speculate that concentration of the five mismatches toward the center of ORF5 explains the slight reduction in mobility of JA142 even at only 1% divergence with the reference vaccine virus. A similar phenomenon was not observed between Ingelvac PRRS MLV and its parent strain VR2332 because these isolates had only two mismatches located at the periphery of the ORF5 gene. The other isolates with 1% divergence also tended to have mismatches found mainly at the 5Ј end of the ORF5.
The results of phylogenetic analyses of the 51 field isolates agreed well with both the sequence results and the HMA data. All the homoduplex-forming isolates with Ն98% sequence identity to the Ingelvac PRRS MLV vaccine are phylogenetically closely related to the Ingelvac PRRS MLV. The Ingelvac PRRS ATP vaccine and its parent strain JA142 are also clustered together in the phylogenetic tree. Genotypic relationships between some of the closely related PRRSV isolates were also clearly identifiable in this study. The group of acute PRRSV isolates, 98-13795-1, 98-13795-3, 98-13795-5, 98-13795-10, and 98-13795-13, were all isolated from the same herd outbreak in 1998, and they showed 99 to 100% nucleotide sequence identity with each other and clustered together in the phylogenetic tree.
The HMA assay developed in this study correlated well with both sequence and phylogenetic analysis results and correctly identified all field isolates with Ն98% nucleotide sequence identities with the modified live-attenuated vaccines. Therefore, the HMA developed in this study defines viruses of Ն98% nucleotide sequence identity with the modified liveattenuated vaccines. This HMA will be a useful and more efficient method for large-scale screening of potential vaccinelike isolates for further genetic characterization. With this assay, a field isolate of PRRSV within 2% sequence divergence in the ORF5 gene of the commonly used Ingelvac PRRS MLV vaccine can be readily identified. The assay is also an effective method for identifying closely related PRRSV isolates through the formation of similar or identical heteroduplex banding patterns when combined with any reference strain.
